In consideration of difficulty in directly using the multisensor detecting feature information for the defect identification, an improved multisensor recognition algorithm based on data-fusion technology for subsurface defect depth evaluation is proposed. At first, two common nondestructive testing technologies such as ultrasonic testing (UT) and eddy current testing (ECT) are introduced; then, a fusion method based on the error distribution characteristics of two kinds of detection methods is improved through the hyperbolic discriminant function to evaluate the subsurface defect depth. The experimental result shows that the improved algorithm is superior to the existing algorithm, so it can achieve better synthesis results and improve the correct recognition rate.
Introduction
The quantified nondestructive testing for the subsurface defect of conductive parts in large components, such as fatigue crack and stress corrosion in fastening structure or lap joints, has been a pressing research subject in key fields like aircraft, aviation, rail transit, and processing and manufacturing industry [1] . As an important part in detection technology, nondestructive testing is a comprehensive process of testing, crack detection, evaluation, and so on, without damage to own physical or structural characteristics of detect objects [2, 3] , and it plays a key role in controlling and improving product quality and ensuring the reliability of the material, component, products, and equipment, which is an inseparable part in modern industrial production and has become a hot field to be studied by professional scholars home and abroad [4] [5] [6] [7] . The method using magnetooptic imaging sensor to detect the subsurface defect shape by combining the eddy current effect and Faraday photoelectric effect is proposed in [4] , which takes an advantage in highspeed, real-time, large-area, and visualization. The quantified testing method based on water immersed ultrasonic sensor is studied in [5] , which validates the defect echo in both concave and convex surface. The method solves the high-cost and low applicability problem which happens in the traditional method. A simple procedure, strong-practicality, and high-efficiency nondestructive method is proposed in [6] , which uses the penetration method to test the weld defect in the high-speed bullet train. The method using the eddy current sensor to test the subsurface defect is studied in [7] , which validates its efficiency with the finite element method.
Because of the respective feature and limited applicable scope of the single sensor, which cannot overall detect various subsurface defects, multisensor-integrated nondestructive testing techniques are concerned and studied more and more. It mainly involves signal processing, numerical modelling, data fusion, inverse analysis, and other fields, which belongs to the research area of advanced detection technique [8, 9] . The basic study and application of multisensorintegrated nondestructive testing theory and technique have become an important research trend in many countries such as America, Britain, and Russia. Domestically, with the manufacture of key aviation aircraft, mass production stage of aerial product and the booming development of rail transit, nuclear power plants, and rapid and reliable testing requirements for the integrated nondestructive testing is becoming increasingly urgent.
As to the puzzle that various feature information from different sensors cannot directly use on the depth testing of the subsurface defect, an algorithm based on multisensor fusion technology used for the subsurface defect depth estimation is proposed. Multisensor information fusion technique originated from the 1970s and is wisely applied to various intelligent platforms and civil fields. Multisensor information fusion technique is actually a functional analogy in dealing the complicated problem of the human brain. Compared with the single sensor, the multisensor information fusion technique can enhance system survival ability and improve the reliability and robustness of the whole system when solving the problem of detection, tracking, and target recognition. As one of the research hotspot in multisensor detection, experts both home and abroad have carried out extensive research and promote many information fusion techniques [10, 11] . At present, different algorithms of date fusion are researched, which contains weighted average fusion, Kalman filtering method, Bayes estimation, statistical decision theory, probability method, fuzzy logic inference, artificial neural network, D-S evidence theory, and so on. A weighted average fusion method used in calculating the proportion of the effective pixels from each data source is proposed in [10] , which reduces the source data noise and improves data space coverage and confidence. The multisensor Kalman filtering fusion method is proposed in [11] , which has high filtering precision and can eliminate measurement system error successfully. A multisensor fusion algorithm of electronic circuit fault orientation based on D-S evidence theory is proposed in [12] , which shows the superiority of multisensor fusion computing method. A transformer fault diagnosis method based on multiple neural network and evidence theory fusion is proposed in [13] , which organic combines the neural network and evidence theory for the data fusion.
ECT and UT are the typical nondestructive method, but both of them have advantages and disadvantages. When the depth of the defect is on the shallow surface, the reliability of eddy current testing is higher than ultrasonic testing and when the depth of defect is in the inner deep, the ultrasonic testing is more reliable. In order to overcome limitations of the single detection method for defect on the subsurface, a quantitative detection algorithm based on data fusion is proposed in this paper.
The Quantitative Detection Model of ECT and UT
The respective detection mathematical model of ECT and UT is built through machine learning of massive testing data firstly. ECT theory is derived from Maxwell's equations, which is a nondestructive testing method based on the principle that the eddy current will generate when the conductor is in the alternating magnetic field. The eddy current in the conductors reacts to the detecting magnetic coil and produces impedance in the magnetic coil correspondingly, which contributes to the calculation of amplitude, phase, and flow form of eddy current. Thus, according to these information, the specific defect status of the test specimen can be obtained by comparing with the standard objects. Through analysing the ECT theory, there are some constraints on using eddy current testing method due to the conductor skin effect in changing electromagnetic field, eddy current density attenuates rapidly with an increase of the defect depth. The attenuation speed is described as
In (1), I 0 is the eddy current density on the infinite conductor surface, f is the excitation frequency of alternating current, μ is the magnetic permeability of the materials, and σ is the electrical conductivity of the materials. I x is the eddy current density in the depth x from the surface. As this equation shows the reliability of eddy current testing, it will be less and less with the depth increasing. The standard surface effect depth is defined as the depth when the eddy current density attenuates to 1/e from the surface as
In general, the material of the testing object is stationary; thus, the electrical conductivity σ and magnetic permeability μ is almost constant. The depth of 3δ from the surface is defined as the limit position of eddy current testing. Based on the knowledge, the spectrum amplitude and the depth of the subsurface defects are in an exponential relationship as
x is the amplitude feature got from the eddy current sensor, d is the depth of subsurface defects, β 1 is the depth of defect, and α 1 and γ 1 are the equilibrium parameters in uncertain conditions. β 1 and γ can be calculated by the least square method with massive testing data as
In (4), x i is the amplitude feature tested by eddy current testing when the depth of defect is d i . α 1 , β 1 , and γ 1 can be calculated by massive testing data (x i ,d i ). All the testing data is from the experiment, and the testing specimens and numbers is explained in Section 4.
The physical foundation of UT is the mechanical vibration of the particle and its propagation, and it follows the law of reflection, refraction, wave superposition, interference, Journal of Sensors Huygens principle, and so on. The pulse reflection ultrasonic detection method is the most widely used which launches ultrasonic wave to the testing material and the echo single is collected to analyze the physical properties of the material by building the corresponding relationship between the reflected sound wave amplitude and the propagation time [14] . The propagation time can be precisely positioned by the horizontal ordinate (time baseline), and the vertical ordinate data can just be used to get the relative values accounting for the shape and distribution of the defects, which can be available for the knowledge of unknown defects by comparing with the standard defects. If there is a defect in the material, the corresponding pulse waveform will appear in the time baseline. As the proportional relationship between horizontal scale and testing depth, the defect depth d is
In (5), τ f is the horizontal scale, T is the reflection time, and τ b is the time interval. As to the influence of the propagation time which is unable to get defects depth by the existing data, the testing reliable depth can only be evaluated by the data analysis. Based on the datum at hand, the feature data from the subsurface defect testing and the subsurface depth are related to each other by
In (6), y is the echo arrival time feature of ultrasonic testing, d is the depth of subsurface defect, and α 2 ,β 2 are the ultrasonic testing parameters. α 2 ,β 2 can be calculated by the least square method with massive testing data. Its least square method can be described by
In (7), y i is the echo arrival time feature tested by ultrasonic testing when the depth of defect is d i . α 1 ,β 2 can be calculated by massive testing data (y i ,d i ).
Through both the ECT and UT method, the feature data can be got by a massive subsurface material with known depth, and the subsurface defect depth can be evaluated, and then the reliability and error distribution can be obtained. The reliability of two methods can be described by RMSE (root mean square error) as
In (8), R x is the unreliability of eddy current testing, and R y is the unreliability of ultrasonic testing which can be described in Figure 1 by massive testing data.
Both of the two nondestructive testing methods have advantages and disadvantages as shown in Figure 2 . The ultrasonic testing has advantages of convenient operation, accurate positioning, and high sensitivity when using the defect echo time and amplitude to value the defect depth, but it takes the disadvantages of the poor testing ability to the surface and near-surface defects. In the detection progress, the defect information will be hidden in the first echo when the defect depth is small; according to the detection error, ultrasonic quantitative estimation error is small (less than 0.5 mm) if the defect depth is deeper than 3.6 mm. When the depth of the defects is shallow, the eddy current testing is more reliable than the ultrasonic testing; according to the detection error, eddy current quantitative estimation error is small (less than 0.5 mm) if the defect depth is shallower than 2.8 mm, while in the deep depth, the ultrasonic testing is more reliable than the eddy current testing.
Defect Depth Quantitative Evaluation Algorithm of Multisensors
For error distribution characteristics of the two detection methods, the subsurface defect quantitative assessment algorithm is proposed, which is based on the multisensor data theory. In order to eliminate the different dimensions between the ECT and UT, the testing data have to be normalized. In this paper, the min-max method is used for processing data, and the processed data meet the requirements of the standard normal distribution (the mean is 0 and the standard deviation is 1). Where χ * is the dimensionless characteristic value. χ is the observational data of the eddy current sensor or ultrasonic sensor. χ min is the minimum value of each group, and χ max is the maximum value of each group.
After acquirement of the dimensionless characteristic value of the two kinds of measurement methods, the defect e is the predicted depth of ultrasonic testing from the (6).
Usually, two kinds of detection methods do not take effect at the same time, d s ≠ d e . And even then, there is the huge difference between the results of these two methods. At this point, it is necessary to construct the model for evaluating which kind of detection method is more reliable. A hyperbolic discriminate function model is proposed
where d s and d e are the surface defect depths got from the two kinds of detection methods. θ 1 , θ 2 , and θ 3 are the evaluation parameters of the integrated detection method, which can be got from the least square calculation based on massive testing data.
The defect depth can be obtained through this discriminate model based on the decision-making mode by maximizing the accurate determination of probability, where d is the depth which is got from the eddy current or ultrasonic testing model. Through several iterations, the depths corresponding to different interval value are given in the following situations.
Discriminate model 1: when d tends to the deep location (deeper than 3.6 mm), the first item of (10) 
tends to be 1, while the latter item usually tends to be 0. According to this model similar to the step function, the conclusion can be obtained: ultrasonic testing result is effective, and eddy current testing result is invalid. Formula (5) is use to calculate the defect depth.
Discriminate model 2: when d tends to the location of the shallow (shallower than 2.8 mm), the second item of (10) 1 − e
tends to be 1, while the former item usually tends to be 0. Based on this property that j d s , d e → −1, the conclusion can be obtained: eddy current testing results are effective, and ultrasonic testing result is invalid. Equation (3) is used to calculate the defect depth.
Discriminate model 3: when d does not have special trend in depth (between the 2.8 mm and 3.6 mm), the absolute value of j d s , d e is not too big either. In such case, the single model of the eddy current testing or ultrasonic testing is no longer used, but the equilibrium model of uncertainty will be used to calculate the defect depth as
y 11
x and y are the characteristics of the data obtained under two kinds of detecting methods, respectively. γ 1 , γ 2 , and γ 3 are the parameters of the data fusion, which can be achieved by the least square method, respectively.
The Simulation Analysis
In order to validate the performance of the proposed multisensor recognition algorithm based on fusion technology for subsurface defect depth, the ultrasonic testing and eddy current testing are used to obtain the feature data. The experimental samples contain 400 groups of materials (aluminum) which have the defect depth of 1 mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm, 3.5 mm, 4 mm, and 4.5 mm and each defect is tested 50 times. 320 groups of data are used to calculate the relative parameters, statistical error, and the statistical unreliability of these two detection methods, and 80 groups of data are used to verify the accuracy of the testing method. The schematic diagram of the specimen and defects is shown in Figure 3 . The statistical error and the statistical unreliability curve changed with the depth of the defect are shown in Figures 4 and 5 . The result of the 80 groups of data's average quantitative assessments is presented in Table 1 .
The results of Table 1 are shown in Figures 6-8 . According to the figures, the absolute error and relative error of the method proposed in this paper perform better than the other methods. In the detection of the shallow defect depths, the absolute error and relative error of UT are large. In the detection of the deep defect depths, the relative error of the ECT is large. Comparing with the unreliability (the root mean square) of the three detecting methods, the method proposed in this paper is the most reliable method in Figure 8 .
Conclusion
In order to overcome the limitation of the depth detection method through the single sensor, an improved multisensor recognition algorithm based on data fusion technology for 5 Journal of Sensors subsurface defect depth evaluation is proposed in this paper. The kernel idea of this algorithm is to build the discriminate function and fusion function of ECT and UT data. The discriminate function is used to evaluate all kinds of reliability test method and when the discriminate function fails to effectively distinguish the defects, the fusion function will be used to make the quantitative assessment of the depth of the surface defects with the multiple sensor data. The result of the simulation experiment shows that this algorithm has a higher accuracy rate.
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